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Thermal neutron capture cross sections for 34 S(n,7) 35 S and 36 S(n,7) 37 S have been mea- 
sured and spectroscopic factors of the final states have been extracted. The calculated 
; direct-capture cross sections reproduce the experimental data. 

V ; 1. INTRODUCTION 

Reaction rates of the neutron-rich S-isotopes are of interest in the nucleosynthesis of 
nuclei in the s-process in the S-Cl-Ar-Ca region, inhomogeneous big-bang scenario, and 
>■ . in the a-rich freeze out of the neutron-rich hot neutrino bubble in supernovae of type 
II. In the last years the importance of the direct capture (DC) has been realized. DC 
dominates over the compound-nucleus reaction mechanism if there exist no compound- 
nucleus levels near the threshold that can be excited in the reaction. This is often the 
case for neutron capture for neutron-rich target nuclei at the border of stability. With 
respect to astrophysical applications thermal measurements of such capture reactions are 
an important supplement to measurements in the thermonuclear energy region. Such 
measurements allow a more reliable extrapolation to lower energies. Furthermore, when 
there are no resonant contributions at thermal energy, experimental thermal cross sections 
allow the extraction of spectroscopic factors. These spectroscopic factors are needed 
to calculate the DC contribution at thermonuclear energies. This extraction is not as 
much model-dependent as the extraction of spectroscopic factors from direct transfer 
reactions, like (d,p), ( 3 He, 4 He), or other transfer reactions at higher energies (about 15- 
40MeV). This is mainly due to the fact that the neutron optical potentials necessary for 
the extraction of the spectroscopic information from experimental thermal (n,7)-data is 
better determined than the optical proton and especially light-ion potentials at higher 
energies (because for higher energies there is a larger absorption). 

The purpose of this work is to show that for thermal neutron capture by target iso- 
topes close to the border of stability, like 34 S and 36 S, the DC mechanism dominates 
and measurements of capture cross sections at thermal energies can be used to extract 
spectroscopic factors for the calculation of DC cross sections at thermonuclear energies. 
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I j, and statistical uncertainty, A/ 7 , of the 7-ray tran- 



Table 1 

The intensity per incident neutron, 
sitions with initial and final spin/parity, Jf 1 and J f n , respectively, and the transition energy 
Ej. The partial and total capture cross sections of 34 ' 36 S, a p and a, were determined. 



Target 
Isotope 



31C 



Ea 
7 

(keV) 



Transition 
JP ^Jf 



I 7 ±AI 7 



10 



-5 



(mbarn) 



a 

(mbarn) 



36c 



2022.9 P 
2082.6 P 
2796.8 P 
3184.0 P 
4638.2 p 
1572.4 s 
2347.8 s 
3802.0 s 
4189.3 s 
4903.4 s 
4963.1 s 



1/2+ 
1/2+ 
1/2+ 
1/2+ 
1/2+ 
1/2+ 
3/2- 
3/2" 
1/2- 
1/2- 
3/2- 



3/2" 
1/2- 
1/2- 
3/2- 
3/2- 
3/2+ 
3/2+ 
3/2+ 
3/2+ 
3/2+ 
3/2+ 



50.73±0.91 
70.34±0.98 
27.65±0.77 
31.99±0.93 
280.82±2.53 
179.76±1.43 
225.76±158 
14.43±0.79 
15.37±0.88 
23.49±1.03 
12.19±0.80 



26.9±1.1 
37.2±1.4 
14.6±0.7 
16.9±0.8 
148.6±5.5 



244.3±8.8 



249.3±9.0 



average 


247±9 


54.8±6.9 




31.3±5.1 




153.3±9.9 


239±15 




249±14 




236±14 



1665.7 p 
2311. 6 P 
3657.3 P 
646.2 s 
3103.3 



1/2+ 1/2- 
1/2+ 3/2" 
1/2+ -> 3/2" 
3/2- -> 7/2" 
decay line 



6.67±0.77 
3.81±0.59 
18.66±0.80 
30.37±0.97 
28.77±0.95 



average 



242±12 



Ref. H , p primary transition, s secondary ground state transition 



2. EXPERIMENT 

The measurements were carried out at the reactor BR1 of the " Studiecentrum voor 
kernenergie" in Mol, Belgium. The setup was the same as in a previous experiment [[I]]. 
The sample of elemental sulfur (total weight 313.6 mg) contained in a teflon cylinder 
of 6 mm inner diameter was enriched in 34 S by 93.26% and in 36 S by 5.933%. Fig. |I| 
shows part of the 7-ray spectrum accumulated with a Ge-detector. Neutron flux and 
efficiency of the detector were determined in a calibration run on 35 C1. The total capture 
cross sections of 34 > 36 S were calculated from the sum of primary and secondary ground 
state transitions and the 37 S 7-decay line (Table |l|). The data were also corrected for 
multiple neutron scattering ( 34 S: 5.6%, 36 S: 7%). For the 34 > 36 S cross sections systematic 
uncertainties of 3.6 and 4.8 %, respectively, were estimated. Our thermal 34 S capture cross 
section is in good agreement with the recommended value 0. Our 36 S result is consistent 
with the previous measurement of Raman et al. 0. 

3. DIRECT-CAPTURE CALCULATIONS 

The DC formalism including the folding procedure used in this work is described in 
Ref. Q. The DC calculations are performed in the same manner as given already for 
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Figure 1. Intensities of 35 S and 37 S 7-lines 



36 S(n,7) 37 S in |J. The input data for the folding potentials are: experimental charge dis- 
tributions , thermal elastic scattering data |7| , excitation energies of the final states || . 
For the DC-calculations the input data for the masses and Q-values are taken from 
Ref. [|]. The spectroscopic factors are listed in Table and are taken from (d,p)- 
reactions |§ (except the (d,p)-data from |H| which has been taken from the original 
work, see Note added in Proof in ||). The resulting thermal cross sections calculated 
in the DC-model are compared with the experimental cross sections for 34 S(n,7) 35 S and 
36 S(n,7) 37 S in the last two columns of Table |2|. 

4. DISCUSSION 

The DC-mechanism reproduces not only the summed thermal experimental cross sec- 
tions of 34 S(n,7) 35 S and 36 S(n,7) 37 S, but also the transitions to the different relevant final 
states. This is certainly not true for statistical model calculations [|TT|-|i"3"|l , because the 
statistical approach is valid only in the case of a high-level density in the populated excita- 
tion range of compound nuclei. Hauser-Feshbach calculations for the above reactions lead 



to a significant overestimation of the cross sections by about one order of magnitude |H 

The spectroscopic factors extracted from (d,p)-reactions by different groups lead to 
calculated thermal cross sections that are uncertain by at least ± 20 % (see last but one 
column in Table 0). Spectroscopic factors extracted from thermal experimental (n,7)- 
reactions can be determined more accurately, because the optical potentials are much 
better known in this case. Therefore, thermal (n,7)-measurements are an excellent al- 
ternative to (p,d)- or other transfer reaction measurements in determining spectroscopic 
factors. These are necessary for calculating the non-resonant direct part of the cross 
section at the astrophysically relevant thermonuclear energies. 
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Table 2 

Spin/parity assignments J n , excitation energies E x , and neutron spectroscopic factors of 
states in 35 S and 37 S. The spectroscopic factors <S(d,p) and 5(11,7) are extracted from 
experimental (d,p)-reactions and from the thermal neutron cross sections measured in 
this work, respectively. The calculated <r cal and experimental <r cxp thermal capture cross 
sections are compared for 34 S(n,7) 35 S and 36 S(n,7) 37 S. The sum of the contributions for 
all other transitions not shown in this table give less than 1 /ibarn. 



J u 


E x (MeV) 


S(d,p) 


5(n, 7 ) 


cr cal (mbarn) 


cr exp (mbarn) 


34 S(n, 7 ) 35 S 


3/2" 


2.348 


0.32-0.55 


0.48 


99-169 


149 


3/2" 


3.802 


0.09 


0.08 


20 


17 


1/2- 


4.189 


0.12-0.14 


0.15 


12-14 


15 


1/2- 


4.903 


0.44-0.80 


0.49 


33-60 


37 


3/2" 


4.963 


0.18-0.22 


0.19 


26-32 


27 








sum 


190-295 


245 


3e S(n, 7 ) 3Y S 


3/2" 


0.647 


0.44-0.70 


0.54 


126-200 


153 


3/2" 


1.992 


0.04-0.08 


0.19 


7-13 


31 


1/2- 


2.638 


0.48-0.80 


0.92 


29-48 


55 








sum 


162-261 


239 
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